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Abstract

Experimental results on S segregation at growing Al, Os/alloy interfaces are
reviewed for binary FeAl, NiAl alloys, and ternary alloys with additions of
Cr, Pt, or a reactive element, such as Zr, Hf, or Y. The segregation behavior
is thermodynamic in nature, but the segregation energy can change not only
with alloying elements but also with oxidation time and temperature as the
oxide growth process changes. Although reactive elements are capable of
eliminating interfacial S segregation, they do not stop such segregation to
alloy surfaces. The segregation of a reactive element at the interface further
strengthens the interfacial bonding. Cosegregation of S and Cr can occur,
resulting in higher levels of S at the interface. Pt usually suppresses S seg-
regation, but this effect can be easily overwhelmed by S-Cr cosegregation.
Synergisms between alloying elements and how they affect segregation, as
well as the relationship between segregation and the oxidation process, are
areas that demand further investigation.
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INTRODUCTION

The concentration of sulfur, a common impurity in metals and alloys, usually ranges from tens
of parts per million in Fe-based alloys to a few parts per million in NiAl. Even at such low
levels, S segregates strongly to surfaces, where diffusion from the bulk to the surface is rapid,
especially at elevated temperatures (1). At equilibrium, the surface concentration of S depends
on the temperature, the amount in the alloy, and the segregation energy. S segregates to grain
boundaries of metals and alloys, causing grain boundary embitterment (2—4). For a given metal or
alloy and its S content, the degree of segregation to grain boundaries is often less than that to the
free surface (5).

It was proposed that, when an alloy is oxidized at elevated temperatures, S segregates to the
oxide/alloy interface formed by oxidation and weakens the interfacial bonding, making the oxide
scale nonadherent (6). Because all alloys operated at high temperatures rely on a thermally grown
oxide (T'GO) film, or scale, that is slow growing and adherent to protect it from continued oxida-
tion and degradation, this possible S segregation and interface-weakening phenomenon is of great
technological importance. The proposal gained much support after Smialek (7, 8) demonstrated
that removing S from the alloy, often by a high-temperature H,-annealing heat treatment, can
increase significantly the spallation resistance of the scale during cyclic oxidation. However, the
H, annealing also removes other nonmetallic impurities, such as C, and reduces porosity at the
oxide/alloy interface, making it difficult to evaluate the true effect of S on scale adhesion base on
oxide spallation data. Several other questions also remain. The most fundamental one is whether
segregation of a large and negatively charged S atom to an oxide/alloy interface is thermodynam-
ically favorable (9). Furthermore, because of the dynamic nature of the growing interface under
consideration, where new oxides are continually formed and internal stresses generated, it is not
clearif S or any other impurities would be present solely as a result of thermodynamic segregation.
In other words, factors that affect segregation at a growing oxide/alloy interface may be different
from those governing segregations to surfaces and grain boundaries.

This paper reviews results and the current understanding of the segregation phenomena at
the interfaces formed between alloys and their TGO scales. Whenever possible, segregation to
free surfaces is compared, and the effect of interface S on scale adhesion is addressed. This review
focuses on Al; Os/alloy systems because the majority of works concerning interfacial segregation
have been performed on alloys whose TGO is Al,Os; only a few were done with Cr,Os scales
on Cr (10, 11) or binary Ni-Cr (12) and Fe-Cr (13) alloys. Because the particular interface in
question is that formed by oxidation, a brief background on the development and growth of AL, O;
scales is first given. This is followed by a section describing the experimental techniques typically
employed for these types of interfacial studies. Discussions on S segregation begin with simple
binary Fe-Al and Ni-Al alloys, and then the effects of common alloying additives on segregation
are examined. Such additives include Cr, Pt, or reactive elements (REs), such as Hf, Zr, and Y,
which have higher oxygen affinity than the scale-forming element, namely, Al

GROWTH AND DEVELOPMENT OF ALUMINA SCALES ON ALLOYS

There are two main types of Al; O;-forming alloys: the aluminides, such as FeAl and NiAl and the
MCrAl-type alloy that is the base of superalloys, where M represents the base metal and can be a
mixture of Fe, Ni, and Co. For the aluminides, approximately 19-22 at% Al is needed to achieve
the selective oxidation of Al to develop a protective Al;Os scale and to suppress the oxidation and
growth of base metal oxides (14). The addition of 18-20 at% Cr in MCrAl-type alloys reduces
the critical Al concentration to no more than 10 at% (15, 16).
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Figure 1

The sequences of Al, O3 scale development on alloys oxidized at high temperatures. (#) Transition alumina
forms initially, and its growth is dominated by Al outward transport. (b)) a-Al; O3 grains nucleate at the
oxide/alloy interface. (c) A complete layer of «-Al, O3 establishes at the interface; interfacial voids often
develop on alloys not containing a reactive element. (4) The entire scale transforms to o-Al, O3, and its
growth is dominated by oxygen inward diffusion; interface voids can grow to considerable sizes.

The sequence of Al,Oj; scale development is illustrated in Figure 1. The first formed layer,
usually referred to as transition aluminas, consists mainly of the cubic 8 phase (17, 18), v phase
(19-23), or a mixture of the two phases (24-26). This initial layer has a cube-on-cube orientation
relationship with the alloy, whereas the degree of preferred orientation decreases with oxidation
time (19, 21, 26, 27). The thermodynamically most stable hexagonal x-Al,O; nucleates later at
the transition alumina/alloy interface (Figure 14) with a random orientation (21, 23). Limited
high-resolution transmission electron microscopy (TEM) studies have shown that the interface
between the transition alumina and the alloy is coherent but becomes incoherent once a-Al; O3
nucleates (28). The o nuclei eventually impinge and develop into a complete layer above the alloy
(Figure 1c). The subsequent scale-thickening rate becomes dominated by the slow growth of
this o layer, whereas the initially formed transition alumina transforms to the « phase with time
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(Figure 1d). The development of «-Al;O; is more rapid at higher temperatures (19) and easier
with the presence of Cr (29) and/or Fe (26, 30) in the alloy. Because Cr,O; and Fe,O; have the
same corundum structure as a-Al; O3, they may serve as templates that facilitate the nucleation
and growth of the « phase (29, 30). The transition alumina grows predominantly by Al outward
transport (31, 32), but the ®-Al,O; grows predominantly by oxygen inward transport, with a
nontrivial amount of Al outward diffusion (33), unless a RE is present, in which case Al outward
transport is greatly reduced (34).

The initial 8-Al, O3 layer is under high compression, approximately 300 MPa (18). The first
nucleated «-Al,O; grains or patches are under tension, which can be as high as 400-600 MPa,
owing to a ~5% volume shrinkage associated with the 8-to-« transformation (18, 35, 36). Without
the presence of any RE, this tensile stress quickly relaxes, and compression builds up within the
o layer as oxidation continues (18, 36).

Extensive void formation at scale/alloy interfaces is often observed without the presence of any
RE or Pt, particularly on Ni and Fe aluminides (37, 38). These voids deepen into the alloy, often
showing faceted faces and distinct shapes that are associated with the alloy grains (Figure 14).
The void faces are essentially free surfaces under the growing scale. The amount of S, or other
segregand, on them provides valuable information on surface segregation that can be directly
compared with what is present at the interface under the exact same oxidation condition.

EXPERIMENTAL METHODS

Direct characterization of the interfacial chemistry using conventional surface techniques, such as
X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES), is possible only
through ultrathin oxide films, ~0.5 nm, formed at ambient temperatures (39). For thicker films,
the interface is buried to surface investigations, so analysis will have to occur either by stripping off
the oxide film or by cross-sectioning. Furthermore, unlike surface segregation studies, in which
the amount of segregand can be determined in situ at elevated temperatures, studies of interface
segregation so far have been performed after cooling the oxidized sample to room temperature.
AES depth profiling has been attempted (9), but owing to the roughness of the interface and
the narrow distribution of segregated S there, detection is not always possible. More sensitive
techniques, such as secondary ion mass spectrometry (SIMS), improve the detectability (40).
However, neither of these methods reveals the interface microstructure, so one cannot distinguish
whether the detected S is from intact interfacial areas or from interfacial voids.

If the oxide film can be removed from the alloy in ultrahigh vacuum (UHV), then the alloy side of
the sample can be easily analyzed through the use of a scanning Auger microprobe, whereby images
produced by the secondary electrons allow the probe to be placed on known microstructures. To
remove the oxide film, thin strips of oxidized alloy are bent in UHV, and then the exposed alloy is
analyzed by a conventional (~0.5-1-pm probe size) scanning Auger probe (41-43). Alternatively,
the oxidized sample surface can be scratched with a Vickers microindenter mounted on a linear
translator inside the UHV chamber (11, 12). Scratches made this way, when applied with sufficient
load, cause pieces of the oxide scale around the scratch mark to spall, hence exposing the scale/alloy
interface (see Figure 2 for an example). The exposed alloy areas can then be analyzed via AES,
whether on oxide-imprinted areas, where the oxide has been in contact with the alloy prior to the
scratch, or on the surface of interfacial voids. The advantage of the scratch over the bend technique
is that sample thickness is not a limit. Furthermore, oxide pieces that spall from the scratch motion
mostly remain on the sample surface, and some of them are flipped over, allowing the oxide side of
the interface (the scale underside) to be examined. These locations usually consist of only oxygen
and Al In other words, all segregands reside on the alloy side after scale spallation. The only
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Examples of scratch-induced oxide spallations that expose the interface for subsequent AES analysis.

(@) A scratch is made in ultrahigh vacuum on the surface of an oxidized sample, causing oxide fracture and
spallation around the scratch mark. Analysis can be done on the alloy side as well as the oxide side of the
interface. () Magnified view of a typical alloy interface region, showing one interfacial void and the
surrounding oxide-imprinted area, where the oxide was in contact with the alloy prior to spalling.

(c) Magnified view of the oxide-imprinted area, showing facets marked by «-Al, O3 grains.

exception is when the S segregation is multilayered (44); then, occasionally, small amounts of S
can be detected on the oxide underside, but the concentration is still less than that found on the
alloy.

The degree of scratch-induced oxide spalling can be characterized to provide a measure of
the interface strength. For strong interfaces, those often formed on RE-containing alloys, the
TGO spalls at only a few small areas adjacent to the scratch, making the analysis more difficult
than for a weak interface, where large areas of the interface are exposed. TEM observations
and scanning transmission electron microscopy (STEM) analysis across an oxide/alloy interface
are most suitable for strong interfaces. Furthermore, the technique undoubtedly examines intact
interfaces, where porosity, even if nanometers in size, can be easily distinguished (10, 45-48).
Unfortunately, detection of S is usually difficult, partly owing to its desorption under the electron
beam (46) and partly owing to the low levels segregated at the interface. Experiences indicate
that the interface S content has to be higher than ~0.4 monolayer (estimated from AES results)
before S can be detected by STEM (47, 48). A few studies have reported the detection of S
at the oxide/alloy interface, using energy-dispersive X-ray analysis (EDS) on metallographically
polished cross sections (49, 50). However, in both cases, the alloy contains high levels of S, and
small amounts of sulfides may be formed at the interface.
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Most of the results presented in this review are obtained from the scratch method with a
conventional AES operating at 10 kV. One sample, for comparison, has been examined through
the use of a field emission AES that has a much finer probe size, 30 nm, allowing analyses to be
made on individual oxide-imprinted facets on the alloy surfaces (51). A few alloys have also been
studied via the scanning pXPS beamline at the Advanced Light Source in Lawrence Berkeley
National Laboratory, with an approximate spot size of ~2 x 2 um, to distinguish the chemical
states of the segregated S (52).

SEGREGATION AT ALUMINA/BINARY ALLOY INTERFACES
Interfacial Sulfur Buildup with Oxidation Time

The amount of S present at an Al,Os/alloy interface as a function of oxidation time has been
examined for Fe-40Al through the use of conventional as well as field emission AES (51) and for
several batches of Ni-40Al through the use of conventional AES (53, 54). Most of the NiAl alloys
have only 3—4 ppm S (normal purity), but one was deliberately doped to achieve a bulk S content
of 36 ppm (S-doped sample). Both types of FeAl and NiAl alloys are single-phase $-aluminide.
In all cases, S was the only impurity found at the interface. Results are summarized in Figure 3,
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Figure 3

Summary of AES analysis of the interface S content on Fe-40 at% Al (FeAl) and Ni—40 at% Al (NiAl)
alloys as a function of oxidation time at 1000°C. A few samples were oxidized at 1150°C. The bulk S
concentration, in parts per million, is noted for each batch of alloy. Open symbols represent the amount of
S found on void surfaces, and closed symbols the amount of S on oxide-imprinted interfacial areas. The data
marked as surface is the amount of S segregated on Ni-40Al when the alloy is heated in vacuum at 1000°C.
Interface sweeping represents the amount of S that would accumulate at an advancing interface due entirely
to scale inward growth.
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in which each data point is obtained from one specific sample isothermally oxidized for a given
time and then air quenched. Most oxidations were performed at 1000°C, except for a few carried
out at 1150°C. The S concentration in atomic percent, calculated through the use of tabulated
AES sensitivity factors (55), represents the amount of S present within approximately the top four
atomic layers. Because AES depth profiling shows that S is located at the very surface, a layer
model was used to determine the coverage in monolayer from the degree of attenuation of the
base metal signals (55), i.e., that of Fe or Ni. Figure 3 presents data from void surfaces and from
oxide-imprinted areas, where the oxide was in contact with the alloy prior to spallation; typical
microstructures of these interfacial voids and «-Al, O3 imprints are seen in Figures 14 and 25.

The segregation behavior found on void faces is indeed similar to that on free surfaces. The
data labeled as surface on Figure 3 are obtained at 1000°C after heating one normal-purity Ni-
40Al alloy through the use of a hot-stage AES (56). The amount of S segregated onto the surface
at 1000°C compares well with the amount of S found on interfacial void faces after cooling.
The large data scattering on the voids arises from segregation dependence on crystallographic
orientation (54). On the iron aluminide, the void S levels are much higher than on NiAl, owing
to a cosegregation of S and Al (51). Although Al and S do not actually cosegregate to Fe surfaces,
as determined by quantitative low-energy electron diffraction (LEED) analyses (57), a chemical
disorder occurs within the subsurface layers, with Al substituting for the Fe atoms, which can
explain the apparent Al-S cosegregation detected by AES. On Ni-based alloys, Al-S cosegregation
does not take place (58).

The amounts of S present between the alloy and the oxide, or at true interfaces, are always
noticeably less than those found on void faces. Furthermore, whereas void faces are saturated with
S at an early time, <3 min for Fe-40Al and <30 min for Ni-40Al, none can be detected at true
interfaces until the development of a complete layer of a-Al, O3, the time for which is shorter for
the Fe-based alloy and shorter at higher oxidation temperatures, in accordance with the literature
records on alumina development and transformation outlined in the previous section. Once the
a-Al, O; layer is formed, the S concentration at the interface begins to increase and then slowly
approaches a saturation level. The observed delayed buildup at true interfaces cannot be related
to S diffusion rates in the alloy because the void faces are already fully covered. One possible
explanation is that the detected S is a result of interface sweeping, such that, as the oxide grows
inward with time, S in the alloy becomes accumulated at the interface as the interface advances.
From the growth rate of the x-Al,Oj3, and if one assumes 100% scale inward growth and 5 ppm S
in the bulk, the amount of S thus accumulated at the interface is seen to be minute (see Figure 3).
The concentration is too low to account for the amount of S detected; therefore, S must have
segregated to intact interfaces. The results presented in Figure 3 show that this segregation is
dependent not only on the type of oxide present at the interface but also on the amount of S in
the bulk, with more segregated at higher bulk S concentrations.

The dependence of interface S content on the amount of S in the bulk is in agreement with
formulations developed for thermodynamic segregations, in which the amount of segregated
solute, X?, is directly related to the amount of solute in the bulk, X?. The segregation equation
for an ideal binary solid solution is given by the Bragg-Williams expression (59)

X¢ X5 <AG+2912(X‘1" —Xf))

-x7  1-x2 P RT

where AG = u? — ¢ — 8 + u9 is the segregation energy and the us denote the ground-state
chemical potentials of the solute (1) or the solvent (2) at the surface (¢) or in the bulk (B). Q)
is the interaction coefficient between the solvent and the solute. €, is positive if the interaction
is attractive and negative if the interaction is repulsive. If it were zero, the above equation would
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reduce to the well-known Langmuir-McLean expression. The segregation phenomenon discussed
here involves multicomponents and therefore is much more complicated than described by the
above equation. However, the fundamental concepts are analogous, so this formulation can serve
to illustrate the important parameters and their relationships. For example, if one treats S as the
only segregand (the solute) and the Ni-40Al alloy as the solvent and considers that €, = 0,
the segregation energy, AG, will be —120 kJ mol~! to account for 2% and 5% of segregated S,
with 3 ppm and 36 ppm S in the alloy, respectively. This level of AG agrees quite well with the
segregation energy of S on Ni, at —135 kJ mol~! (60). Because segregation to grain boundaries is
usually less favorable than that to free surfaces (5), the same can be expected for interfaces. The
calculated 120 kJ mol~! (1.3 eV per atom) is also in close agreement with the value determined
from first-principles calculations, which reveal that the segregation energy for S aty-Ni(Al)/Al, O;
interfaces ranges from 0.18-1.26 eV per atom, depending on the segregation site and the type of
interface (61).

According to the segregation equation, less segregand should be present at higher temper-
atures, but this is contrary to the results shown in Figure 3, where the steady-state S content
on AL, O3/NiAl is the same at 1000°C and 1150°C. To achieve the same level of segregation at
the Al,O3;/NiAl interface at 1150°C, the AG must be —140 k] mol~!, which is lower than that
at 1000°C. Thus, S segregation is more favorable at interfaces grown at higher oxidation tem-
peratures. Because oxidation involves many temperature-dependent processes, such as material
transport and stress generation and relaxation, it is very likely that the interface atomic structure
developed at different temperatures varies to an extent as to alter the segregation energy. Similar
observations have been made at alloy grain boundaries, where the extent of solute segregation
often depends on the boundary structure (62—64). Limited high-resolution TEM studies have
shown that the interface between the transition alumina and NiAl is coherent but the interface
between the «-Al, O3 and the alloy is incoherent (28). If the extent of segregation were a strong
function of interface coherency, or atomic structure, it would be consistent with these TEM ob-
servations that S is not detected initially at transition alumina/alloy interfaces but begins to appear
only after x-Al, O3 forms. Note that the interface between the alloy and the first formed, iso-
lated «-Al,O; grains is free from S. S is detected only after a complete layer of «-Al, O3 grains
is established at the interface. It is possible that the higher interfacial stress that develops after a
complete «-Al, O; layer is established (18) causes the oxide to lose coherency with the underlying
alloy, allowing S to segregate. Further changes at the interface, probably due to continued stress
generation and relaxation processes, may allow more S to segregate until a steady-state level is
reached; this steady-state level is similar to the steady-state growth stress level found through in
situ X-ray diffraction (65). Therefore, although thermodynamic driving forces dictate interfacial
S segregation, the dynamic nature of the TGO/alloy interface may cause the segregation energy
to change with time and temperature as the interface structural changes.

Relationship between Interface Sulfur Content and Oxide Adhesion

A few mechanical testings on the strength of diffusion-bonded metal/sapphire interfaces have
demonstrated detrimental effects of S on the interfacial fracture toughness (66-68). Similar re-
sults on TGO/alloy interfaces are scarce (69), owing to difficulties in examining crack propagations
at the buried interface. A tensile pull test, in which a stub is placed on the oxidized sample surface
through the use of an adhesive, has been used to evaluate the strength of Al O3/NiAl interfaces (53).
Figure 4 shows the reduction of interface strength with increasing S content at the Al O3/Ni-40Al
interface. A very fast drop in strength occurs within the first 1 at% (~0.1 monolayer) of S cover-
age. Afterward, the strength decreases much more slowly with further S buildup. Similar results
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using first-principles calculations have recently reported that the work of separation, W, (in
J m™2), for Al O3/y-Ni(Al) decreases linearly with interface S coverage up to 0.4 monolayer but
that further S buildup shows little or no effect on the W, (61). The major difference between the
two sets of data (experiments versus calculations) is the maximum S content needed to weaken the
interfacial strength most severely (0.1 monolayer versus 0.4 monolayer). One obvious cause for
this discrepancy should be related to the presence of voids that form at the Al Os/alloy interface
during oxidation. These voids are defects that can greatly deteriorate the interfacial strength (53),
but none of them are included in the calculation. The calculations were performed on y-NiAl,
whereas the experimental work was carried out on the 3 phase; however, the alloy phase difference
should not have been an important factor because a similar degree of S segregation was also seen
experimentally on y-NiAl and is equally detrimental to the interfacial strength.

Dependence of Sulfur Segregation on Alloy Stoichiometry

Although S was readily found at «-Al,O3/Ni-40Al interfaces, no S could be detected when the
alloy was the stoichiometric NiAl, i.e., Ni-50Al, containing 3—4 ppm S (53). Several batches of
Ni50Al alloys were tested at 1000°C, 1100°C, and 1150°C for up to several hundred hours, but
the interface was always free from S, with occasional B and/or P segregation. This lack of S at the
interface is not restricted by S diffusivity in the alloy because plenty of S is detected on nearby
void faces, as shown in Figure 5. The amount of S segregated to void faces is highly dependent
on their crystallographic orientation; the behavior is similar to that found on Ni-40Al alloys. On
the void bottom seen in Figure 5, the S content is ~6 at%, but that on the sides is only ~1.6
at%. One void at the lower right corner of Figure 55 does not show any S signal because that
surface is still covered with C. Because S bulk diffusion in stoichiometric NiAl is nearly one order
of magnitude slower than in Ni-40Al (54), as Ni is in NiAl (70) owing to strong variations of defect
concentrations with composition, the first segregand on the void faces of Ni-50Al is actually C
(54). S replaces the C with time, which is shorter at higher temperatures. This replacement found
at void faces is similar to that observed with C and S segregation to Ni surfaces (71, 72).

To study further the effect of stoichiometry on the amount of S segregation at Al,O3/NiAl
interfaces, Al-rich 3-phase Ni-55Al, y'-Ni-25Al, and y/y’-Ni-22Al alloys were oxidized between
1000°C and 1150°C after an a-Al, O3 layer was well established at the scale/alloy interface, and
then the interface chemistry was investigated. These results are presented in Figure 6, which
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SEM micrograph (#) and associated AES S map (5) of the alloy side of the interface from a Ni-50 at% Al
sample oxidized at 1100°C for 100 h. S is present on void faces, with different levels on different
orientations, but the interface is clean, as illustrated by corresponding AES surveys.
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Figure 6

Variation of interface S content with NiAl alloy composition. Tested samples were oxidized between 1000°C
and 1150°C for up to a few hundred hours. The level of S segregated at interfaces of ordered alloys, the v
and the stoichiometric § phases, is barely above background but ranges from 2-3 at% on other compositions.
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shows that S is present on all oxide/alloy interfaces except for the stoichiometric 3 and v’ alloys,
for which the interfacial S content is only that of the background level or barely above background.

The growth processes of x-Al, O3 on all these NiAl alloys do not appear to be significantly
different, so the observed dependence on alloy stoichiometry, in that significantly less S segregates
when the alloy is an ordered phase, seems to suggest again that interfacial segregation is thermody-
namic in nature. According to Equation 1, the segregation energy, AG = ,uf - u? - uf + M?, isa
function of the chemical potentials of the solute and solvent in the bulk and at the surface. Changes
in any of the four terms can affect the degree of segregation. Because the ordered (3-NiAl phase
has lower surface energies than does the Ni-rich Ni40Al (73), surface segregation of S should be
less favorable on the Ni-50Al. Indeed, in situ AES performed at 1000°C did show significantly
less S surface segregation on Ni-50Al than on Ni-40Al (56). Less interfacial S segregation can be
expected if interface energies are similarly affected. Furthermore, the chemical potentials of the
solute and the solvent in the bulk, u? and u?, respectively, should be different in ordered versus
disordered alloys.

EFFECT OF ALLOYING ELEMENTS ON
INTERFACIAL SEGREGATION

Chromium

Cris often added in alloys to assist the development of Al; Os scales, so the alloy Al level can be kept
low to maintain the alloy strength. The usual MCrAIX-type alloys are the bases for superalloys,
in which M can be Fe, Co, Ni, or a mixture of the three and the X represents a number of alloying
elements, such as Ti, Mo, W, Ta, Y, or Hf (74). For intermetallic alloys, small amounts of Cr are
usually added to improve their mechanical properties (14).

The amount of interface S on intermetallic FeAl (Figure 3), even near saturation, is less than 5
at%, or ~0.5 monolayer. However, where Cr is present (as in MCrAl-type alloys, in which the Cr
concentration ranges from 15-25 at%), the amount of S at the interface is much higher, as seen
in Figure 7. The faster buildup compared with Fe-40Al is due to the more rapid establishment of
a-Al, O; on the FeCrAl-type alloys. The S concentration quickly reaches a steady-state level that is
close to two monolayers, and the segregation process is independent of the oxidation temperatures
(between 900°C and 1100°C) or the sample cooling rates, the latter of which vary by >10° °Cs™!
for furnace cooling and water quenching.

Besides S, C and Cr are also enriched at the Al;O;/FeCrAl interface (Table 1 shows their
levels). Other researchers (41, 43) have reported similar enrichments, although the elemental
compositions are not as well quantified. The C in this case is not a result of vacuum or surface
contamination (12, 43) but segregated mainly during cooling (44). The dependence of segregands
on cooling rates, seen in Table 1, clearly indicates that all the detected S is present at the interface
during oxidation; Cr is enriched at the oxidation temperature as well but more diffuse to the
interface during cooling. Probably all the C at the Al,O3;/FeCrAl interface resulted from diffusion
during cooling because no C enrichmentis found at the Al, O3/NiCrAl interface, where C diffusion
in the fce Ni-based alloy is much slower than that in bee iron (75). The driving force for C diffusion
to the interface should be the presence of interfacial excess of Cr, owing to the tendency for
Cr carbide formation. Small Cr carbide particles have indeed been detected at alumina/FeCrAl
interfaces, and the quantity increases with decreasing cooling rate (76). With lower S content
in the alloy, the levels of S, Cr, and C concentrations found at alumina/FeCrAl interfaces after
cooling to room temperature are also lower (Table 1). The concomitant increase and decrease
of S and Cr, which are directly demonstrated by comparing the AES peak height ratios of S/Fe
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Figure 7

S buildup at Al, O3/Fe-18Cr-10Al (at%) interfaces as a function of oxidation time. Most samples were
oxidized at 1000°C, and a few were oxidized at 900°C or 1100°C, followed by fast cooling in air
(~4°C s71). Two samples were cooled with different rates (water quenched at ~140°C s~! and furnace
cooled at ~0.07°C s™1). Results for Fe-40Al are included for comparison. One data point for a
Ni-14Cr-24Al (NiCrAl) alloy is also included.

and Cr/Fe (Figure 8), suggest their cosegregation to the interface during oxidation. The same
straight-line relationship can also be made for Cr and C (44).

The positive interaction of S with Cr, with Q;, in Equation 1 greater than 0, can increase the
segregation coverage such that saturation is more easily achieved and becomes less sensitive to
temperature changes (77). Studies using AES and LEED have reported similar occurrences on
free surfaces for Fe-Cr (78) and Fe-Cr-Ni (79) alloys, in which S and Cr cosegregate to form a two-
dimensional surface structure at 750-900°C; these studies also showed similar Cr-C cosegregation
at temperatures less than 750°C (78). Furthermore, there are qualitative indications that S and Cr
cosegregate to the surface of a FeCrAl alloy when this alloy is heated in vacuum at 900°C (43). At
the grain boundaries of a Ni-20Cr alloy, cosegregation of S and Cr caused the boundaries to be
heavily decorated with Cr sulfide particles (58).

The arrangement of the segregated S, Cr, and C at the alumina/FeCrAl interface cannot be
fully realized by the AES results but can be better understood through depth profiling of the
segregand region. Figure 94 presents such a profile with pXPS examinations through a FeCrAl
surface after A, O3 scale removal in vacuum. The figure shows that the segregated elements, i.e.,
S, Cr, and C, are concentrated at the surface region, where two regimes can be distinguished. The
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Table 1 Summary of elemental concentration at Al;O3/MCrAl alloy interfaces determined by

AES (in at%)

Saturation level at Al, O3/alloy interfaces
Alloys S C Cr Bulk Cr content
Fe-18Cr-10Al (32 ppm S) 16.1 &+ 1.6
Water quenched 253 + 1.1 12.0 &+ 2.7 193 + 1.4
Air quenched 23.7 £ 1.6 21.1 + 24 27.1 £22
Furnace cooled 242 £ 0.7 253 £ 1.9 27.5 £ 5.8
Fe-18Cr-10Al (2 ppm S) 143 + 0.6
Air quenched 11.7 £ 1.4 10.1 £ 1.3 18.8 £ 1.1
Ni-14Cr-24Al (7 ppm S)
Air quenched 22.5 £ 0.8 0.8 £ 1.6 20.8 + 3.8
5
Alloy Cr/Fe A ,’I
L (] ,II
41+ O A
- '@% A
L 2
3 _ ® o X,/ @ FeCrAl 32 ppm S, 11 m|ln
’/ [J FeCrAI 32 ppm S, 30 min
)KIE* A FeCrAl 32 ppm S, 3 h
S/Fe | [ X FeCrAl 32 ppm S, 26 h
I ; @ FeCrAl 32 ppm S, 120 h
oL ," O FeCrAl3ppm S, 17 h
S + FeCrAl3ppm S, 117 h
1L @
¥
0 I 1 1
0 1 2 3
Cr/Fe

Figure 8

Relationship between S and Cr segregated at Al; O3/FeCrAl interfaces. AES peak height ratios with Fe are
used to normalize the S and Cr contents. Data from two Fe-18Cr-10Al samples with different bulk S levels
and oxidized at 1000°C are presented. Different symbols represent different oxidation times that are greater
than 10 min, but time is not a factor because saturation was already reached. The straight-line relationship
indicates that S and Cr cosegregate.

outer one, defined by a narrow and sharp S peak, is heavily enriched with S. Immediately beneath
the S enrichment, the Cr and C concentrations reach their maxima; both concentrations then
decrease slowly into the alloy, suggesting sluggish diffusion, which is consistent with the above
conclusion about Cr and C diffusing to the interface during cooling. All the detected S is present
as sulfides that peaked at energies between 161 eV and 161.6 eV. The C is a carbide, and the Cr,
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(@) Depth profiles through a Fe-18Cr-10Al surface after its TGO was removed in vacuum. Ar was used as the
sputtering source and pXPS as the surface probe. S, Cr, and C all segregated at the interface; S was above the
Cr and C layers. (b)) A simple schematic illustrates the possible distribution of these segregated elements.

through its concomitant enrichment with S and C, is believed to be present as a combination of Cr
sulfide and carbide (52). This depth profile and the quantitative analysis of the AES results (that
the S content is approximately two monolayers) suggest that the structure of these segregands at
the Al O;/FeCrAl interfaces, illustrated by a simple schematic in Figure 95, is that of a S-rich top
layer, followed by a second layer of mixed S, Cr, and C and then by a few underlayers enriched
with Crand C. Although so much S is present at these interfaces, the spallation resistance of Al, O3
scales formed on the MCrAl-type alloys is usually not worse than that found on NiAl or FeAl (80).
This is due partly to the lower thermal expansion mismatch between «-Al,O; and the MCrAl
alloys (80) and also may be due partially to the relationship shown in Figure 4, in which the most
dramatic decrease in interfacial strength is associated with the first ~0.2 monolayer of S coverage,
and that excess S exhibits little effect. One other factor affecting Al,O;/MCrAl adhesion may be
the bond-strengthening effect of Cr, which has been reported for a diffusion-bonded interface
between Al,O; and NiCr (81).

In summary, the effect of Cr addition in alloys is to increase the amount of S segregation at the
scale/alloy interface due to cosegregation effects. This behavior, illustrated here with MCrAl-type
alloys, also has been observed on NiPtAl-type coatings (48) and recently on y/y’-NiAl alloys.
Without the addition of Cr, the interface S concentration on the binary Ni-22Al alloy is only
~3 at%. In contrast, with the presence of 5 at% Cr in the alloy, the S content increases to as high
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as 10 at%, with a concomitant enrichment of Cr at the interface. As in the case of NiCrAl, C
enrichment is not detected.

Reactive Element

It has been known for 70 years (82) that the presence of small amounts of REs in the alloy greatly
improves Al, O3 scale adhesion. Although many mechanisms have been proposed to explain this
phenomenon (83), the most widely accepted mechanism is the so-called S effect (6, 84). The
hypothesis is that the oxide/metal interface is intrinsically strong, but indigenous S that is almost
always present in alloys segregates to the interface during oxidation, thus weakening the bonding
and rendering the scale nonadherent. The role of the REs, as a result of their strong sulfide-
forming ability, is to tie up the S or, in other words, to reduce significantly the S activity in the
alloy, preventing S segregation to the interface.

Indeed, whena RE is presentin alloys, S isno longer detected at the Al, Os/alloy interface, where
the detection limit by AES is usually <0.2 at% (or ~0.05-0.1 monolayer). This conclusion has
been reached with Zr in Fe; Al (85), Y in FeCrAlY (42, 43, 86), and Hf in 3-NiAl and y/y’-NiAl. In
all cases, Al, Os scales formed on RE-containing alloys are also significantly more adherent. These
results seem to corroborate the S effect hypothesis. Nevertheless, Al, Os/alloy interfaces that are S-
free, i.e., those developed on H;-annealed alloys that have been desulfurized, are noticeably weaker
than those on RE-containing alloys. This has been demonstrated experimentally on desulfurized
Fe;Al (85, 87) and NiCrAl (88). Because many studies with STEM have shown that RE segregates
at scale/alloy interfaces (see, e.g., Reference 89) and is at a level of 0.2-0.3 monolayer (90), the
role of REs may be not only to prevent S from segregating to the interface but to exert a bond-
strengthening effect there (85, 91). Earlier molecular orbital theory and large cluster models
suggested strong bonding between alumina and Y (91). A recent first-principles calculation further
demonstrated that the effect of Hf in y-Ni(Al) is threefold (61). First, Hf pins S in the bulk and
thus prevents S from segregating to the interface, as observed from the experiments noted above.
Second, Hf also segregates at and strengthens the interface, which, again, agrees with experimental
results. Lastly, Hf can displace S from interfacial sites.

When RE-containing alloys are heated in vacuum, S still segregates to the surface, although the
amountis less than on the equivalent RE-free alloys (43, 92). In most cases, the REs themselves also
segregate to the surface (92). Compared with segregation at oxide/alloy interfaces, the behavior
is the same qualitatively, but not quantitatively. The difference is most likely due to limited sites
at the oxide/alloy interface; it may also be related to different interface atomic structures that
may have developed on alloys with or without REs. The presence of RE not only affects A, O;
adhesion but also changes the Al, O3 oxide growth mechanism (93). This change in growth may
affect the structure of the oxide/alloy interface in some ways so as to alter the chemical potential
of the segregand at the interface. A similar structural dependence on segregation is common for
alloy grain boundaries (62-64).

Platinum

The addition of Pt to an Al, O; scale-forming alloy has been known since the mid-1970s to improve
scale adhesion (94). Pt-modified NiAl is currently a common oxidation-resistant coating for high-
temperature turbine engines (95), but the mechanism by which Pt exerts its beneficial effect is still
not clear. If REs can improve Al,Oj; scale adhesion by preventing S segregation to the interface
owing to their high affinities for S, the same is not expected for Pt because Pt sulfide is even less
stable than Al sulfide (96, 97). Perhaps Pt strengthens the interface by forming strong Pt-Al bonds,
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Table 2 Surface concentrations of S, Al, and Pt at 750-1000°C by in situ AES or XPS

Alloy Surface concentration (at%)
Composition S (ppmw) S Al Pt
Ni-50Al! 4 0.3 £ 0.2 54.1 £ 0.8
Ni-50A1-10P¢! 0 534 £ 1.5 17.6 = 0.9
Ni-50A12 57 5.9 65
Ni-50A1-10P¢? 90 24 65 14
Ni-37Al! 3 8.7 £0.3 412 £ 0.8
Ni-37A1-5P¢! 5.7 £ 0.9 41.0 £ 2.0 109 £ 0.6
Ni-25A1-10P¢(111)} 0 251 4+ 03 173 + 1.3
Ni-25A1-20Pt(111)} 0 25.8 £ 1.1 26.6 £ 2.2

"Hou & McCarty (56): analysis by AES at steady state, 1000°C.

2Cadoret et al. (100): analysis by XPS after 5 min heating at 750°C; S levels on NiAl and NiPtAl dropped to 3
and 1 at%, respectively, at steady state (after 60 min).

3Qin et al. (99): analysis by AES at steady state, 827°C.

because the binding energy between Pt and Al is stronger than that between Ni and Al (98). If
this were the case, one would expect Pt to segregate to the Al,O3/Ni(Pt)Al interface. For these
reasons, the segregation behaviors of Pt-containing NiAl alloys are of interest.

Several groups have studied the surface segregation behavior of Pt-containing NiAl alloys.
These experiments were carried out by heating the alloy in vacuum, up to 750-1000°C, and then
examining the surface composition at the high temperature, either with AES (56, 99) or XPS
(100). Table 2 summarizes the results. Each shaded color band compares two alloys made in
the same laboratory, which differ only in their Pt content. Although the S level was not always
evaluated, it is known that the amount of indigenous S in high-purity, laboratory-made NiAl and
Ni(Pt)Al alloys is low, usually less than 4 ppm by weight (53, 100). The high-S NiAl and NiPtAl
alloys studied by Cadoret et al. (100) were deliberately doped because the normal-purity alloys
(with <1 ppm S) did not show any S surface segregation. Results from Table 2 clearly show the
following: (#) S segregation is more pronounced on Ni-rich 3-NiAl than on stoichiometric NiAl,
a result discussed in previous sections. (b)) The amount of segregated S increases with increasing
alloy S content, in accordance with segregation thermodynamics, represented by Equation 1.
(¢) Pt reduces the extent of S segregation to the surface. (¢) Pt is enriched on the surface, whether
the alloy is the stoichiometric or the Ni-rich 3 phase or the v phase. (¢) Some surfaces may also
be enriched with AL

First-principles calculations have shown that the segregation of Pt on the B phase is related
to an increased surface energy, from 1.80 J m™ to 2.44 ] m~2, when Pt is present in NiAl (101).
For the v’ phase, Qin et al. (99) postulated that the driving force for Pt segregation is the strain
energy in the alloy resulting from the fact that Pt, residing on Ni lattice sites (101, 102), is larger
than Ni. It remains unclear why S surface segregation is reduced by the presence of Pt. Hou &
McCarty (56) suggested that this reduction may be due to a possible competition between Pt and
S for surface sites.

The effect of Pt on interface segregation has not been studied as extensively. Table 3 sum-
marizes the existing results. On the stoichiometric Ni-50Al, with or without Pt addition, S is not
detected at the interface above background levels under a wide range of oxidation conditions.
With the Ni-rich 3-NiAl, Pt in the alloy clearly stops S segregation to the interface. Unlike the
case of segregation to free surfaces, Pt does not segregate to the Al,O3/f3-NiAl interfaces. Al, in
contrast, is enriched at Ni-40Al interfaces, making the composition of Ni-40Al similar to that of
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Table 3 Composition of the alloy side of Al;Os/alloy interfaces determined by AES after oxide
removal in UHV. The blue horizontal lines separate different compositions of 3- and y'- or
v/v'-NiAl, the thick black horizonal line separates the 3- and y'-, y/y'-phases of the NiAl, and the
gray shading highlights Pt-containing alloys

Interface concentration (at%)
Alloy Oxidation conditions S Al Pt
Ni-50Al1 1000°C, 2-265 h 0.1 £ 0.1 54.7 £ 6.0 -
1150°C, 100 h
Ni-50Al-2.5Pt 1000°C, 26-100 h 0 64.1 £ 3.0 1.5+ 14
Ni-50Al-15P¢ 1150°C, 100 h 0 68.6 + 5.6 12.1 +£ 1.6
Ni-40Al 1000°C, 26-100 h 22 4+ 0.5 542 £ 3.5 -
1150°C, 3-100 h
Ni-40Al-15Pt 1000°C, 100 h 0 54.8 + 3.4 142 + 1.9
1150°C, 100 h
Ni-25Al1 1000°C, 24 h 0.2 £ 0.3 30.1 £ 2.1
1150°C, 20 h
Ni-25A1-10Pt 1100°C, 50 h 0.5 +£ 0.8 27.5 £ 3.6 155 + 2.9
1150°C, 100 h
Ni-22Al1 1150°C, 100 h 3.0 £ 0.7 28.8 £ 2.7 -
Ni-22A1-5P¢ 1150°C, 100 h 14 + 0.2 28.5 £33 122 £ 1.7

the stoichiometric NiAl. The presence of Pt in Ni-50Al seems also to increase the interfacial Al
concentration. The variations in interface composition on the Pt-containing 3-NiAl are further
demonstrated by the AES depth profiles shown in Figure 10. No S is found; Al is enriched within
a narrow region at the interface, and Pt may even be slightly depleted. The lack of S and the
higher Al content at the interface both should, according to first-principles calculations (103),
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Figure 10

AES depth profiles
through the surface of
a Ni-40Al-15Pt alloy
after its TGO was
removed in UHV. The
sample was oxidized at
1150°C for 100 h. S is
not detected. The
interface is enriched
with Al, but not Pt.
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increase the interface bond strength. Therefore, these interfacial chemical changes may be one
way by which Pt exerts its beneficial effect on Al;O; adhesion. On the y'- and y/y’-NiAl, the seg-
regation behavior becomes more similar to that on free surfaces, where Pt, but not Al, is enriched
at the interface. As discussed above, the amount of S segregated at A, O3/y'-NiAl interfaces is
barely above background. The alloy with Pt addition behaves the same. On the y/y’-NiAl, where
~3 at% S segregates to the interface, Pt in the alloy reduces, but does not eliminate, this
segregation.

The mechanism by which Pt reduces interfacial S segregation in NiAl alloys and why this
reduction varies with the alloy phase are not yet clear. It is also not known why Pt seems to be
enriched at the interfaces between Al;O; and y- and v/-NiAl, but not with 3-NiAl. The data in
Table 3 suggest some degree of competitive segregation between Pt and Al at the interface. The
effect of Pt on S segregation is certainly more complicated than the effect of Cr or REs. Compared
with REs, the ability of Pt to stop S segregation seems weaker, whereas S and Cr cosegregation can
overwhelm the effects of Pt. For example, although no S segregates at Al O3/Ni-22Al-5Pt, almost
9% S is present at the interface when 5% Cr is added to the alloy owing to Cr cosegregation.
NiPtAl coatings also exhibit cosegregation effects when Cr in the substrate diffuses into the coating
and becomes enriched at the Al,O3/coating interface (48). In these systems, the presence of Pt is
not able to reduce S segregation. It seems that whatever effect Pt has on AGy, may be small, so
that the segregation behavior can be easily dominated by the €, term in Equation 1.

CONCLUSIONS

Segregation behavior at oxide/alloy interfaces during high-temperature oxidation is a topic in its
infancy. Although the segregation of S to growing oxide/alloy interfaces is thermodynamic in na-
ture, the segregation energy can change with oxidation time and temperature, perhaps depending
mainly on the structure of the oxide/alloy interface. The situation is better understood for binary
alloys, but even so, the effect of other common impurities, in particular C (104), needs to be, but
has not been, considered. Although C does not segregate at growing oxide/alloy interfaces, its
presence in the alloy may affect the activity of S and other elements, such as Cr and REs, hence
affecting S segregation. The segregation phenomena with ternary or multicomponent alloys or
coatings become even more complex. REs in the alloy have always been found to eliminate inter-
facial S segregation. Pt, so far studied only in NiAl, can also reduce this segregation, but the effect
of Pt is less consistent. Synergisms between segregands can exist; an example is illustrated above
for S and Cr in terms of cosegregation. Other interactions of alloying elements with potential
segregands and with each other may be important as well. Furthermore, any alloying element
that causes changes in interface energy, oxide growth mechanisms, and/or the activity of potential
segregands in the alloy can also influence the nature of segregation. The relationships between
these factors are not well established and should be investigated further.

SUMMARY POINTS

1. During high-temperature oxidation of Al, O;-forming alloys, at 7'> 900°C S is the only
nonmetallic impurity that consistently segregates at the growing interface; its presence
weakens the interfacial strength.

2. S begins to segregate to Al,O3/FeAl and NiAl interfaces only when a complete layer of
a-AlO; is developed. No S other than on interfacial void faces is detected when the
interface is that between a transition alumina and the alloy.
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3. With NiAl, S segregates to the interface only when the alloy is a disordered phase.
Concentrations not much above background levels are found with ordered v or stoi-
chiometric  alloys.

4. Small amounts of reactive elements (REs) (<0.1 at%) added in Ni- or Fe-based alloys pre-
vent S segregation to the Al,Os/alloy interface, and the REs that segregate to interfaces
further increase the interfacial strength.

5. S and Cr cosegregate to the interface, causing an increase in the interfacial S concen-
tration. Pt eliminates S segregation at alumina/p3-NiPtAl interfaces and reduces it when
the alloy is the y/y’ phase. The effect of Pt can be overwhelmed by the cosegregation of
S with Cr.

6. The interfacial segregation process is thermodynamic in nature. The extent of segrega-
tion depends on the chemical potential of the solute in the alloy and at the interface, and
interactions between the solute and other alloying elements. The segregation energy,
however, tends to vary with time owing to the dynamic nature of the oxidation process.

FUTURE ISSUES

1. Owing to the dynamic nature of the TGO/alloy interfaces, segregation energy changes
with time as the oxide evolves. Every oxide/alloy system may reach a steady state that
can be characterized. However, many fundamental questions remain. For example, how
does the structure of the oxide/alloy interface change with oxidation time, temperature,
and alloying additions, and how do these changes affect interfacial segregation? Also, as
oxidation progresses, the subscale alloy composition will change owing to inward and
outward diffusion of different alloying elements, and this may alter the alloy phases. How
do these variations affect segregation at the interface?

2. Because commercial alloys are often multicomponent, any synergism between alloying
elements and potential segregands, other than that known for S and Cr, and S and REs,
needs to be identified. The role of C-RE interaction in the alloy and how this interaction
may affect S segregation or the ability of a RE to tie up S warrant more quantitative
evaluation.

3. Further investigation, perhaps aided by first-principles calculations, is required to eluci-
date the effect of Pt, e.g., how Pt reduces S segregation to Al, O3/NiAl interfaces, and
why the segregation process, for S as well as Pt, is different on different alloy phases.
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